ABSTRACT: Nearly 3 billion people are exposed to household air pollution emitted from inefficient cooking and heating stoves, and almost the entire global population is exposed to detectable levels of outdoor air pollution from traffic, industry, and other sources. Over 3 million people die annually of ischemic heart disease or stroke attributed to air pollution, more than from traditional cardiac risk factors such as obesity, diabetes mellitus, or smoking. Clinicians have a role to play in reducing the burden of pollution-attributable cardiovascular disease. However, there currently exists no clear clinical approach to this problem. Here, we provide a blueprint for an evidence-based clinical approach to assessing and mitigating cardiovascular risk from exposure to air pollution. We begin with a discussion of the global burden of pollution-attributable cardiovascular disease, including a review of the mechanisms by which particulate matter air pollution leads to cardiovascular outcomes. Next, we offer a simple patient-screening tool using known risk factors for pollution exposure. We then discuss approaches to quantifying air pollution exposures and cardiovascular risk, including the development of risk maps for clinical catchment areas. We review a collection of interventions for household and outdoor air pollution, which clinicians can tailor to patients and populations at risk. Finally, we identify future research needed to quantify pollution exposures and validate clinical interventions. Overall, we demonstrate that clinicians can be empowered to mitigate the global burden of cardiovascular disease attributable to air pollution.
C ardiovascular disease (CVD) is the leading cause of death worldwide, with >17 million premature deaths in 2016. 1, 2 Exposures to air pollution were responsible for an estimated 3.3 million of those deaths, >2.1 million from ischemic heart disease (IHD) and >1.1 million from stroke. 1, 2 Air pollution exposures are often ascribed to 2 categories: outdoor (or ambient) air pollution and household air pollution. Outdoor air pollution (OAP) is globally pervasive and is emitted from a combination of sources including traffic, industry, agricultural burning, wildfires, and resuspended dust. 3 Household air pollution (HAP) arises from cooking and heating with stoves that inefficiently burn biomass and coal fuels, a common practice for almost half the world's population. 4, 5 Globally and in the United States, OAP ranks sixth and tenth, respectively, among all health risk factors for mortality. 2, 6 HAP ranks eighth globally among all health risk factors for death, and second in low-income countries. 2 Reduction in air pollution exposures is essential to attaining global targets, such as the American Heart Association and World Heart Federation goal of reducing premature CVD mortality by 25% by 2025. 7 Reducing pollution-attributable cardiovascular risk requires multisector policies and programs to reduce air pollution emissions and exposures at the local, regional, and international levels. The greatest benefits may be achieved through partnership across relevant sectors to regulate emissions, enforce air-quality standards, share exposure data, provide patient-tailored interventions, and subsidize technologies to reduce patient exposures ( Figure 1 ). Recent studies demonstrate that pollutionattributable cardiovascular risk is quantifiable and modifiable at the individual and population levels. 1, 3, [8] [9] [10] [11] [12] Clinicians therefore have an important role to play in reducing the global burden of CVD from air pollution. As with traditional CVD risk factors (eg, high cholesterol), clinicians can identify patients at elevated risk from air pollution, and provide recommendations and interventions to reduce the risk of CVD. However, there is not currently a clear clinical approach to air pollution and CVD, and most clinicians lack the tools and partnerships necessary to assess risk of exposure in their service populations and to provide individual-level intervention recommendations to patients at elevated risk. Conceptual diagram illustrating the effects of household air pollution, outdoor air pollution, and traditional risk factors (purple boxes and arrows) contributing to adverse cardiovascular events (red box). Healthcare professionals and provider organizations in partnership with government agencies, insurers, and charities take a multifaceted approach to improve cardiovascular health through reductions in air pollution exposures and underlying risk factors (blue circles and arrows). Government agencies and charities can provide data on local exposures, which clinicians can use to assess cardiovascular risk in their patients. Clinicians can then recommend patient-tailored interventions to reduce air pollution exposures. Insurance companies, government agencies, and nongovernmental organizations can subsidize interventions such as facemasks, air filtration systems, and low-emission stoves and fuels.
In this review, we lay the foundation for an evidencebased clinical approach to improving cardiovascular health through the identification and reduction of patient air pollution exposures. We begin with a review of the global CVD burden attributable to air pollution, and the pathophysiology linking air pollution and CVD. We then describe how clinicians can: (1) identify patients exposed to increased levels of OAP and HAP; (2) estimate a patient's attributable cardiovascular risk; and (3) recommend specific interventions to reduce air pollution exposures and improve cardiovascular health. Here, we define clinicians broadly to include physicians, nurses, community health workers, and other health professionals who may assist patients in reducing their exposures. Last, we discuss additional research needed to validate exposure metrics, screening tools, and interventions.
GLOBAL BURDEN OF CVD ATTRIBUTABLE TO AIR POLLUTION
Globally, 6.1 million deaths were attributed to air pollution in 2016, an estimate that has remained consistent since 1990. 1, 6 Of these, nearly 4.1 million deaths were attributed to OAP and >2.5 million deaths were attributed to HAP. 6 (Some deaths were attributable to both household and outdoor pollution.) The majority of these deaths (3.3 million) were attributable to CVD, although air pollution has been associated with many other health outcomes in infants, children, and adults, including low birthweight and preterm birth, lower respiratory tract infection, asthma exacerbation, chronic obstructive pulmonary disease, lung cancer, hypertension, and neurodevelopmental and neurodegenerative disorders. 6, 13 Looking specifically at CVD, air pollution was responsible for 19% of all cardiovascular deaths worldwide in 2016, including 23% of all ischemic heart deaths and 21% of all stroke deaths. 1, 6 The 3.3 million cardiovascular deaths linked to air pollution exceeded that of several traditional risk factors such as smoking (2.48 million), elevated body mass index (2.85 million), and elevated fasting plasma glucose (2.84 million) (Figure 2) . 1, 2 In fact, elevated systolic blood pressure was the only studied individual risk factor contributing to a significantly greater burden of cardiovascular mortality in comparison with air pollution.
1 Cardiovascular mortality was higher in susceptible populations, including individuals of advanced age, of lower socioeconomic status, and with other health risk factors such as diabetes mellitus. 2, 3, 14 The massive burden of CVD attributed to air pollution is explained, in part, by widespread exposures to OAP and HAP. Globally, 92% of the population lives in places where the World Health Organization (WHO) OAP guidelines are not met.
14 As a result, OAP was responsible in 2016 for >2.3 million cardiovascular deaths and 53.8 million disability-adjusted life-years, a metric that combines years of life lost from premature death and years lived in less than full health. 1 Worse, mortality attributable to OAP is expected to double by 2050, with increases driven largely by rising pollution levels in rapidly industrializing countries in Asia, and an aging global demographic with higher rates of noncommunicable disease. 2, 6, 15, 16 Similarly, nearly 3 billion people are exposed to hazardous levels of household pollutants from cooking and heating. 4, 5 HAP was responsible for >1.2 million cardiovascular deaths and 29.8 million disability-adjusted life-years in 2016. 1 The burden of HAP has declined since 1990, because liquefied petroleum gas and other renewable sources of energy have become increasingly available in low-and middle-income countries, replacing solid fuel burning. exposures to different types of airborne pollutants may contribute >1 million premature deaths, but their contribution to the CVD-related disease burden has yet to be sufficiently characterized and quantified.
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PATHOPHYSIOLOGY OF AIR POLLUTION AND CVD
Air pollution is a complex mixture of airborne pollutants that generates CVD through several pathways. Its components include particulate matter (PM) and gaseous pollutants such as ozone, nitrogen dioxide (NO 2 ), volatile organic compounds, carbon monoxide (CO), and sulfur dioxide (SO 2 ). PM varies in its composition and size, and is usually classified into 3 size groups: coarse particles (PM 10 , diameter <10 and ≥2.5 μm), fine particles (PM 2.5, diameter <2.5 μm), and ultrafine particles (<0.1 μm). PM 2.5 originates from combustion and noncombustion sources including industrial sources, tailpipe emissions, brake and tire wear, resuspended soil and dust, wildfires and prescribed burns, and agricultural, biomass, and coal burning. 8 The chemical constituents of PM 2.5 vary by emissions source and include elemental carbon, transition metals, complex organic molecules, sulfate, nitrate, soil, and dust. 19, 20 The American Heart Association and the European Society of Cardiology both recognize PM 2.5 as a cardiovascular risk factor. 3, 8 Numerous studies have confirmed that PM 2.5 increases the risk of cardiovascular mortality and nonfatal cardiovascular events. 3, 6, 10, 21, 22 However, no single component or source of PM 2.5 has been found to determine uniquely the toxicity of the PM 2.5 mixture. 6 Evidence from toxicological and experimental studies indicate that PM 2.5 particles travel to the lung's alveoli where they trigger a cascade of physiological events. 3, 8 Acutely, autonomic reflex arcs from the lung trigger increased sympathetic tone, and PM 2.5 particles are transmitted to the blood, resulting in increased serum concentrations of ultrafine particles, soluble metals, and organic compounds. Chronic exposure to PM 2.5 also causes oxidative stress and inflammation in the lung. Together, these processes cause systemic oxidative stress and inflammation, leading to increases in vasoconstriction, blood pressure, heart rate, insulin resistance, dyslipidemia, endothelial dysfunction, platelet aggregation, thrombogenicity, and plaque instability. 3, 8, 10, 21, 23 Through these pathways, brief exposures to PM 2.5 may precipitate IHD, stroke, heart failure, venous thromboembolism, arrhythmias, and increased cardiovascular hospitalization and mortality. 3, 8, 10, 21, 22, 24, 25 Likewise, prolonged exposures to PM 2.5 also increase the risk of developing hypertension, diabetes mellitus, high-density lipoprotein dysfunction, atherosclerotic disease, the metabolic syndrome, and overall cardiovascular mortality. 3, 8, 21, [24] [25] [26] The pathophysiology of air pollution and CVD has been discussed more thoroughly elsewhere, to which the reader is referred for additional details.
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EXPOSURE-RESPONSE RELATIONSHIPS
Drawing from numerous prospective studies of OAP and both secondhand and active smoking, a series of integrated exposure-response curves (IERs) were developed to estimate the relative risk of cardiovascular events and mortality across a range of annual PM 2.5 exposures. Figure 3 illustrates these relationships for IHD and stroke, as described by Burnett et al (2014) and Shin et al (2016) for use in the Global Burden of Disease Study. 11, 27, 28 In later sections, we will examine how IERs can be used to estimate patients' relative risk of pollution-attributable CVD. Relative risk is used rather than absolute risk, because pollution-attributable risk of cardiovascular events varies with patients' other cardiac risk factors. A tool to estimate a patient's absolute risk still requires development.
The exposure-response curve is steep at lower levels of exposure and then flattens out at higher levels ( Figure 3) . Consequently, the largest health benefits accrue from interventions that reduce exposures to low levels. 29, 30 For example, an intervention or policy that reduces PM 2.5 exposure from 300 to 100 µg/m 3 may have a smaller impact on cardiovascular risk than one that reduces PM 2.5 exposure from 100 to 30 µg/m 3 . This has serious clinical and policy implications. A single basic intervention may provide significant health benefits to an individual initially exposed to low pollution levels. However, a package of costlier interventions may be required to accrue any cardiovascular benefits for an individual initially exposed to high pollution levels from different sources.
DEVELOPING A CLINICAL APPROACH TO AIR POLLUTION
To reduce the global burden of CVD, clinicians must be empowered to mitigate the cardiovascular effects of air pollution in their service populations. As with traditional cardiac risk factors, this requires an assessment of risk and the provision of interventions. In what follows, we review advances in air pollution risk assessment and mitigation to outline an evidence-based approach for clinicians to identify and intervene on air pollution exposures. As discussed above, we define clinicians broadly to include physicians, nurses, community health workers, and other health professionals who may assist patients in reducing their exposures to air pollution across a variety of settings. Our approach is also summarized in Figure 4 . 
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Identify Patients More Susceptible to Air Pollution
Given the time constraints faced by all clinicians, it is reasonable to target patients most likely to benefit from intervention. Individuals likely to benefit may be more susceptible, more vulnerable, or both. Susceptible individuals are those at greater relative risk of CVD outcomes for the same level of air pollution exposure. The data on susceptibility remain mixed; no group has been found to be universally more susceptible than others. However, current opinion is that individuals with the following characteristics are at higher risk of pollution-attributable cardiovascular events: advanced age, lower socioeconomic status, or obesity, diabetes mellitus, coronary artery disease, or other traditional cardiac risk factors. 3, 8 In addition, because long-term exposure to PM 2.5 has been shown to increase the risk of developing other cardiac risk factors (eg, hypertension, diabetes mellitus, dyslipidemia, atherosclerosis, metabolic syndrome), clinicians may wish to target individuals at risk of developing these conditions. Finally, although beyond the scope of this article, clinicians may wish to target patients at risk of developing pulmonary, neurological, or fetal diseases because of air pollution exposure.
Vulnerable individuals are those exposed to higher levels of air pollution. As will be discussed in the following sections, clinicians may use qualitative and quantitative tools to assess exposures and identify vulnerable patients.
Qualitative Risk Assessment
We recommend that clinicians and community health workers perform a brief air pollution exposure assessment with patients. This screen can be added to questions that clinicians already ask about diet, exercise, smoking, alcohol, and other cardiac risk factors. We propose an air pollution clinical screening tool ( Figure 5 ) that contains 3 simple questions, 1 for household exposures and 2 for outdoor exposures. The questions are based on well-established predictors of air pollution exposure. An affirmative answer to any question suggests a potentially hazardous exposure that warrants intervention to reduce health complications. For affirmative answers, we provide follow-up questions about variables that may worsen exposures and guide patient-tailored interventions. It is noteworthy that occupational air pollution exposures may also contribute to cardiac risk, 18 but remain inadequately characterized for physicians to characterize risk and intervene based on an individual's occupational duties and related microenvironments. 17 Clinicians may find they can circumvent a qualitative assessment in populations known to have pervasive elevated exposures to PM 2.5 . For example, in some urban environments in rapidly industrializing countries, clinicians may safely assume that patients are regularly exposed to high levels of OAP. The WHO, for example, provides data on mean PM 2.5 concentration levels for specific cities and countries. 31 Similarly, clinicians working in low-income communities without access to clean fuels might assume that patients, in particular, women, are regularly exposed to high levels of HAP. 4, 5 This approach requires caution, however, because there may be interindividual variation even in high-exposure settings. In addition, clinicians may find they are better able to design a patient-tailored strategy by first screening for specific exposures. The model fits population data compiled from multiple studies and meta-analyses on the rates of IHD and stroke mortality at different levels of PM 2.5 exposures from outdoor air pollution, secondhand smoke, and active smoking. No studies on household air pollution are included. Low levels of exposure are characterized by a substantial marginal risk per unit change in exposure, with decreasing marginal risk at higher exposure levels. Exposure-response curves are available for specific age groups and countries. Data from the Global Burden of Disease Study.
6,11,27,28 CI indicates confidence interval; IHD, ischemic heart disease; and PM 2.5 , particulate matter with diameter <2.5 μm. Summary of key risk assessment tools and targeted interventions that may be incorporated in a clinical approach to protecting cardiovascular health from the harmful affects of household and outdoor air pollution. A, Clinicians may screen for patients more susceptible to pollution-attributable cardiovascular disease and therefore more likely to benefit from further assessment and interventions. B, Clinicians may perform a qualitative assessment to identify individual risk factors that predict elevated exposures to air pollution. (A sample screening tool is provided in Figure 5 .) C, Individual exposure levels may be quantified via a variety of methods, including direct measurement or modeled estimates. Exposure estimates may then be used to estimate the relative risk of cardiovascular events. D, For individuals at elevated risk of pollution-attributable cardiovascular disease, clinicians can offer a variety of tailored recommendations and interventions. CV indicates cardiovascular; CVD, cardiovascular disease; HAP, household air pollution; OAP, outdoor air pollution; and PM 2.5 , particulate matter with diameter <2.5 μm.
STATE OF THE ART
Circulation. 
Screening for Exposures to HAP
Numerous studies have identified predictors of exposure to HAP. 4, [32] [33] [34] [35] [36] The predictor most consistently associated with hazardous exposures across settings is frequent use of a solid fuel (wood, coal, charcoal, dung, or agricultural residues) stove for cooking, space heating, water boiling, or other uses in the home or community. Consequently, we include this indicator in our clinical screening tool ( Figure 5 ). Patients answering in the affirmative are more likely to be at elevated risk of cardiovascular complications because of HAP exposures than those living in communities where homes use electricity or clean fuels like gas. Geographic location may also help clinicians predict fuel type, because different regions vary regarding affordable, available, and culturally preferred fuel sources. 4 Solid fuel cookstoves are most likely to be used in rural households in low-income countries. 4, 36 Clinicians also note that, in both high-and low-income settings, space heating with wood-burning or coal fireplaces and stoves can be an important contributor to air pollution exposures in cold weather climates. 4, 35 For patients at risk, clinicians can ask follow-up questions about other variables that may attenuate or exacerbate exposures. First, clinicians can ask about frequency of solid fuel burning. Households burning solid fuels indoors >2 to 3 times per week may be at highest risk of hazardous exposures. 37 Second, clinicians can ask about total time spent in the kitchen, because cooks and others in the kitchen experience higher exposures. [32] [33] [34] Third, clinicians can ask about household layout, because solid fuel cookstoves or heaters inside the living space may result in higher exposure to PM 2.5 concentrations than stoves located in separate buildings or the outdoors. 32 Finally, clinicians can ask about types of ventilation and air filtration, because exposures are predictably lower in rooms with windows, open eaves, chimneys, hoods, fans, and indoor air filtration systems.
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Screening for Exposures to OAP
Estimating patients' level of exposure to OAP requires both an estimation of OAP levels in their communities and an understanding of patients' activities. Using the air pollution clinical screening tool, we recommend that clinicians ask about 2 factors shown consistently to predict exposure to OAP: proximity of household to urban or industrial centers and time spent near heavy traffic. 3, 8, [38] [39] [40] [41] It should be noted that outdoor PM 2.5 infiltrates buildings, so individuals need not be outdoors to be exposed. 8, 42 First, clinicians can ask whether patients live or work in the vicinity of a major urban industrial center. These areas typically house more PM 2.5 emission sources, such as factories, refineries, power plants, and traffic. Numerous studies demonstrate that urban industrial centers are associated with elevations in OAP, 38, 39 with well-recognized examples including Beijing 43 and Los Angeles. 44 Future research is needed to determine specifically what characteristics of urban/industrial environments best predict PM 2.5 exposures (eg, population density, total size, types of factories). For patients living in rural or less-developed areas, clinicians may also ask about proximity to common sources of OAP, including small-scale industry, wildfires, seasonal agricultural burning, solid waste burning, and neighbors' household use of solid fuels.
Next, clinicians can inquire about time spent near heavy traffic. Proximity within a few hundred yards of multilane or high-speed roadways, whether living, working, or driving, is a consistently strong surrogate measure of traffic-related air pollution exposure. 38, 40, 41 Short-term exposure to vehicular traffic emissions has been associated with a tripling of the odds of myocardial infarction. 45 Additional factors that can increase traf- fic pollution exposures include commuting during rush hour, driving in traffic with car windows rolled down, or using air conditioning with external circulation. 3 Future research is needed to determine specifically what characteristics of traffic most reliably predict PM 2.5 exposures (eg, hours spent in heavy traffic, residence within 100 meters of a major multilane, high-speed road).
In addition to these screening questions, clinicians may inquire about physical exertion outdoors (eg, active transportation during work commutes, manual labor, exercising). The risk of cardiovascular events is higher for patients exerting themselves in polluted environments, in particular, during warm days or rush hour when pollution levels are likely to be elevated. 3, 8 Finally, an open-ended question about air pollution in the patient's community may identify sources of risk that otherwise would have gone undetected. Together, these questions can help provide a qualitative picture of patients' exposure to OAP. We now turn to more precise methods for quantifying air pollution exposures.
Quantitative Risk Assessment
Quantifying air pollution exposure requires data collection and analysis currently beyond the scope of most clinicians. However, we anticipate that existing innovations, including shared pollution models, personal electronics, and risk calculators, will accelerate and facilitate estimation of air pollution exposures in clinical practice.
Personal Monitoring
The most accurate way to quantify an individual's PM 2.5 exposure is likely through wearable monitoring devices. 12 At present, most devices are too bulky, noisy, and expensive to wear for extended measurement periods. However, recent developments in low-cost and lightweight wearable devices may soon facilitate personal PM 2.5 monitoring, with conceivable integration into cellular phones, wristwatches, or other personal electronic devices. 10, 12 These devices could automatically calculate patients' pollutionattributable cardiovascular risk, which could be used by clinicians to inform decisions about risk modification.
Exposure Modeling
Until personal monitors become widely available, exposure modeling remains the principal way to quantify pollution exposures. Exposure modeling is currently beyond the capability of most individual clinicians. Instead, clinicians can rely on publicly available models to obtain estimates of pollution exposures in their health facility catchment areas, including at patients' homes or work addresses. In the next sections, we describe available modeling approaches.
Quantifying Exposure to HAP
Quantifying HAP exposure through models is difficult because exposures vary with cookstove type, fuel type, household configuration, ventilation, geography, weather conditions, and individual time-activity patterns. 29 Exposure may also vary by age and sex, based on who is more likely to cook or spend time indoors near the fire. 33, 34 A recent review of various methods for estimating individual HAP exposure, including assessing various surrogate measurements of exposure (eg, self-reported fuel type, stove type, or time spent cooking), use of personal pollution monitors, and collection of individual biomarkers, concluded that all methods still have major unanswered questions regarding their precision, accuracy, and generalizability in capturing long-term or usual exposures. 29 Even so, estimates are required to inform clinical decisions. The most widely applied estimation method was developed in India, where researchers measured PM 2.5 concentrations in rural Indian households using traditional solid fuel stoves. 32 They then developed a regression model to predict household PM 2.5 concentrations based on fuel type, kitchen type, ventilation, cooking duration, and geographic location. This model has been applied to country-level data on household fuel use from the WHO household energy database to estimate HAP concentrations around the world. 46 The WHO also provides a growing database of HAP exposures and indoor concentration measurements from studies conducted around the world. 47 These data can be used to estimate HAP exposures in a clinician's service population.
Quantifying Exposure to OAP
Statistical models can generate estimates of OAP exposures based on home or work address. Exposure maps are already available for some regions through the WHO 31 and the US Environmental Protection Agency (EPA). [48] [49] [50] Alternatively, large provider organizations may collaborate with exposure scientists to develop their own in-house models and maps of pollution exposures for their service populations. The choice of model will depend on a number of factors including cost, the existence of ground-based air pollution-monitoring networks, the density of local pollution sources, and the heterogeneity of pollution distribution. Here, we review several models that produce clinically useful data.
Spatial Estimation
The simplest way to model air pollution is to infer exposure levels for a city or region based on ≥1 sets of stationary outdoor monitors or industry-reported emission sources. Data from groundbased monitors are increasingly publically available for numerous locations worldwide, including China, India, Europe, and the United States. 48, 49 In regions with multiple monitors, regression methods (eg, kriging) can predict pollution levels for any address between measured points. For example, a krig'd map of PM 2.5 levels across the United States illustrated higher levels of cardiovascular mortality attributable to the elevated pollution in California, Appalachia, and the Rust Belt. Land-Use Regression Models Land-use regression models predict PM 2.5 exposure at various scales, including household address, based on a number of air pollution-related predictor variables. In both urban and rural settings in Europe and North America, the strongest predictors of air pollution concentrations included nearby heavy traffic, altitude, land use, population density, topography, and meteorology. [38] [39] [40] [41] These models can also account for patient activity patterns (eg, hours spent in traffic). 45 An example of land-use regression modeling is the ESCAPE project (European Study of Cohorts for Air Pollution Effects) that estimates air pollution levels at participant home addresses in 20 regions across Europe.
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Satellite Measurements and Chemical Transport Models Satellite-based methods estimate exposures for regions without ample land-based detection systems. Researchers currently rely on aerosol optical depth data from National Aeronautics and Space Administration satellite instruments, often combined with a chemical transport model. 53 As an example, the Global Burden of Disease Study estimates global OAP exposures by combining satellite data with modeled estimates. 53 Mixed models have recently combined satellite measurements with meteorologic and land use variables to produce estimates of both short-and long-term exposures at 1-km resolution with high fidelity to ground-based measurement. 54 Global estimates from these mixed models are pending.
Translating Exposure Into Estimates of Cardiovascular Risk
Using IER models (Figure 3) , healthcare professionals can quickly estimate the annual relative risk of IHD and stroke mortality for different levels of pollution exposure. 11, 27 Tailored curves are available for specific age groups and countries.
In the United States, for example, average populationweighted OAP exposure is 12 µg/m 3 , 55 corresponding on the IERs to a relative risk of 1.1 for IHD and 1.1 for stroke. In China, average population-weighted OAP exposure is 59 µg/m 3 , 55 corresponding to a predicted relative risk of 1.4 for IHD and 1.8 for stroke. Daily OAP levels in urban centers can exceed these yearly averages, with episodic levels >100 µg/m 3 recorded in Los Angeles and levels >200 µg/m 3 recorded in New Delhi. For households using solid fuels, PM 2.5 exposures are estimated to range from ≈100 µg/m 3 to 600 µg/m 3 in India, 32 corresponding with a predicted annual relative risk ranging from 1.5 to 1.8 for IHD and 1.9 to 2.1 for stroke.
Despite having lower exposures, residents in highincome countries remain at risk. A recent cohort study of the entire US Medicare population followed for 12 years found that an increase of 10 µg/m 3 in ambient PM 2.5 in the zip code of residence was associated with a 7.3% (95% confidence interval, 7.1-7.5) increase in all-cause mortality. 56 Similarly, a large Canadian cohort study found that a 5 µg/m 3 increase in PM 2.5 in the postal code of residence was associated with an increased incidence of IHD mortality (hazard ratio of 1.085; 95% confidence interval, 1.073-1.099). 57 These numbers are consistent with recent studies that estimate a 0.8% increase in short-term cardiovascular mortality, and an 11% increase in long-term cardiovascular mortality, for adults experiencing a 10 µg/m 3 increase in PM 2.5 exposure, with considerable regional variation. 58, 59 It is important to note that these calculated risks likely underestimate the true effect, in part, because of measurement error of the exposure and subsequent bias toward the null in studies used to develop the IERs.
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Risk Mapping
Geospatial risk maps help identify populations at elevated cardiovascular risk from OAP. Risk maps are created by passing exposure maps (described above) through an exposure-response curve. Using these risk maps, clinicians can estimate the relative risk of cardiovascular events for different service populations. Different models may be developed to look at short-term cardiovascular risks (using real-time data on pollution levels and weather patterns 8 ), and longer-term risks (using average yearly pollution levels), as well. Figure 6 illustrates a risk map based on average yearly pollution exposure in New York City. This risk map combines annual average PM 2.5 concentration estimates based on a land-use regression model 61, 62 with a frequently cited exposure-response curve. 11 The resulting map is searchable for particular neighborhoods, enabling clinicians to estimate exposures to air pollution and relative risk of IHD mortality. Because the exposureresponse relationship varies with individual characteristics (eg, age), these risk estimates apply to populations and may not be predictive of individual risk.
Deciding When to Intervene
A central problem in the clinical management of air pollution exposure is deciding which individuals should receive intervention. This issue hinges on the difference between relative risk and absolute risk, and on the risks versus benefits of potential intervention, as well. For an individual with low baseline cardiac risk, exposure to air pollution may increase relative risk significantly, whereas the absolute risk of a cardiac event will remain very low. Still, air pollution generates a massive burden of disease by affecting the majority of the global population. In addition, although we strongly support policies targeting air quality at the population level (see Interventions for Patients at Risk), such approaches typically are beyond the scope of clinical practice.
Clinicians can maximize their impact in the setting of limited resources by targeting patients that are both highly susceptible to pollution-attributable cardiac events and exposed to elevated levels of air pollution. We have so far provided a blueprint to identify these high-risk patients based on the criteria of susceptibility and vulnerability, and quantify their relative risk of a cardiac event.
Going forward, clinicians will benefit from tools to estimate individual patients' absolute risk of cardiac outcomes for various levels of exposure. For example, the well-known Atherosclerotic Cardiovascular Disease Risk Calculator could be expanded to include data on air pollution and produce similar 10-year risk estimates. 63 Patients then could be stratified into different levels of risk and assigned interventions accordingly. Estimation of absolute risk is also helpful for evaluating the effi- Figure 6 . Risk map prototype illustrating estimated relative risk of ischemic heart disease mortality attributable to fine particulate matter air pollution by location in New York City in 2014. This searchable risk map enables clinicians to estimate PM 2.5 exposure and attributable risk of ischemic heart disease mortality based on location in New York City. The risk map combines a frequently cited exposure-response curve 11 with annual average PM 2.5 concentration estimates based on a land-use regression model. 61, 62 These risk estimates apply to populations and may not be predictive of individual risk. Exposure estimates used with permission from The New York City Department of Health and Mental Hygiene, Queens College Center for the Biology of Natural Systems, and Zev Ross Spatial Analysis. NYC indicates New York City; and PM 2.5 , particulate matter with diameter <2.5 μm.
cacy and practicality of interventions. Ultimately, formal guidelines will emerge to help clinicians risk stratify patients and prescribe specific interventions accordingly.
Interventions for Patients at Risk
Observational studies of adults in the United States and Europe demonstrate that reducing exposures to air pollution rapidly decreases the immediate risk of acute coronary syndromes, heart failure, stroke, and arrhythmias, and the long-term development and progression of atherosclerosis. 3, 8, 26 Clinicians, therefore, may accrue health benefits for their patients by helping mitigate air pollution exposures. In what follows, we review specific evidence-based interventions to reduce exposures to HAP and OAP. A case example that employs several of these interventions is provided (see Box). As will be discussed in Future Directions, some individual-level interventions still require definitive prospective studies to establish a reduction in cardiovascular outcomes.
Many of the proposed interventions require the provision of specialized equipment and training. Although this is currently beyond the scope of clinical practice, this is likely to change. Providers already assist patients in obtaining equipment such as wheelchairs and home blood pressure cuffs, via partnerships and subsidies from insurance companies, government agencies, charities, device manufacturers, pharmacies, and supply stores. Such collaborations will become increasingly common to provide patients with equipment to reduce air pollution exposures. This change will be driven in part by evidence that these interventions are cost saving. That is, it is often cheaper to mitigate pollution exposures than to bear the costs of pollution-attributable disease and environmental degradation. Interventions for HAP Exposures to PM 2.5 in settings of solid fuel burning often range in the hundreds of micrograms per cubic meter. 32 Consequently, given the estimated supralinear nature of the IER curves, it may be necessary to substantially reduce HAP levels to produce a measureable cardiovascular benefit at the population level. Several trials investigating improved stoves and air filtration devices have demonstrated significant improvements in blood pressure, 65, 66 ST-segment depression, 67 inflammatory biomarkers, 68, 69 endothelial function, 70 or microvascular flow. 71 Other studies identified behavior patterns and home layouts associated with lower levels of exposure. 33, 72, 73 However, no trials have examined the effect of a household pollution intervention on cardiovascular mortality or the incidence of stroke or myocardial infarction. It therefore becomes difficult at present to recommend, with certainty, specific household energy interventions that will reliably improve cardiovascular health.
The most effective way to reduce HAP exposure is to eliminate household solid fuel burning altogether. Electrification and access to clean-burning gas (eg, liquefied petroleum gas or piped natural gas) therefore represent important health goals. 74 Although a shift to clean fuels may be logistically and economically challenging for some countries in the near term, others are making progress. The Indian Ministry of Health, for example, recently committed US$1.5 billion to provide clean cooking gas to 50 million poor households. 75 In regions where gaseous fuels or electricity remain unavailable or unaffordable, we recommend reducing
BOX. CASE STUDY EXAMPLE* THAT APPLIES SEVERAL OF THE PRESENTED APPROACHES
Mrs Mutai is a 72-year-old woman with a history of hypertension and diabetes mellitus who visits Dr Chebet for a regular health checkup at her clinic in Nairobi. Dr Chebet's clinic is testing a new approach for screening and protecting patients from the harmful cardiovascular effects of air pollution. Dr Chebet identifies Mrs Mutai as a patient at elevated risk of pollution-related cardiovascular events given her age and multiple cardiac risk factors. She performs a brief risk assessment and learns that Mrs Mutai cooks her meals with an indoor wood-burning stove, commutes across town on a public bus, and works in her outdoor garden on weekends. Dr Chebet locates Mrs Mutai's home on a publicly available pollution map and learns that average daily outdoor pollutant concentrations in her neighborhood are 61 µg/m 3 . Dr Chebet calculates that these various exposures impart an elevated risk of ischemic heart disease and stroke. She educates Mrs Mutai on the cardiovascular risks associated with air pollution and discusses strategies to reduce her exposures. Together, they decide Mrs Mutai will take the bus in the middle of the day to avoid rush hour traffic exposures, and avoid exertion in her garden on heavily polluted days. Dr Chebet connects Mrs Mutai to an automated phone message system that will warn her when outdoor pollution is at dangerous levels. On these days, she is instructed to wear an N95 respirator mask provided by her insurance company. Finally, Dr Chebet connects Mrs Mutai to a community organization providing clean-burning gas stoves, upkeep, and education. When using her old stove, Mrs Mutai is encouraged to cook outdoors in a well-ventilated area. Over the next year, these interventions reduce Mrs Mutai's exposures and associated cardiovascular risk. *The case described is an imagined scenario. HAP aggressively through a package of household interventions, combining more-efficient stoves, improved fuels, ventilation, and education. 74, 76 First, a high-efficiency/ low-emission biomass stove may help reduce HAP exposures, although as of yet there is little evidence to suggest that the reduction in exposure levels from an efficient solid fuel stove alone is sufficient to provide a cardiovascular benefit. (Both the International Organization for Standardization and the US EPA offer frameworks for identifying safe, versatile, cost-effective, low-emission stoves. 77, 78 ) Provision of clean-burning stove-fuel combinations, for example, can cost as little as $50 to $100 per disabilityadjusted life-year averted if markets are in place. 79 Global initiatives are underway to disseminate cleaner-burning stoves through targeted subsidies, microcredit programs, and market-based approaches. 74, 75 Second, burning fuels farther up the energy ladder (eg, processed biomass) may reduce exposures in comparison with burning unrefined solid fuels (eg, wood, dung, or other unprocessed biomass). 32, 33, 74 Most clean-burning fuels must be commercially produced at the village level or higher, requiring upfront public and private sector investments. 74 Health benefits may be limited if new stoves and fuels have limited adoption and are used in combination with traditional stoves rather than substituting in the clean stove-fuel combination for all household energy needs. 37, 74, 80, 81 Consequently, stove acceptance and performance should be evaluated in communities well in advance of larger-scale implementation to ensure compatibility with local energy use needs and behaviors, obtainable fuel types, and available maintenance and repair facilities. 76, 80, 81 Other appliances and behavior changes, when packaged with cleaner fuel-stove combinations, may reduce HAP exposures to levels at which health benefits are more likely to accrue. 76 For example, indoor air filtration using high-efficiency particulate arrestance filters has been shown to reduce in-home PM 2.5 by roughly half among healthy subjects of advanced age in Canada and Europe living in communities impacted by wood smoke from fireplaces. 70, 71, 82 Similarly, a recent randomized, double-blind, crossover trial in China demonstrated that the use of high-efficiency particulate arrestance air purifiers in comparison with sham purifiers resulted in significantly lower stress hormone levels. 23 Household ventilation can be improved via chimneys, flues, hoods, fans, open eaves, windows, doors, and cross-ventilation. In a randomized trial in Guatemala, a biomass chimney stove decreased women's daily average PM 2.5 exposures by 61%, which was associated with a 3.0 mm Hg lower diastolic blood pressure. 65, 67 Small reductions in PM exposures can be achieved by increasing the distance between the stove and household occupants, cooking outside or away from living areas, and ventilating during and after cooking, 33, 72 although the potential benefit to cardiovascular health is likely far less than a low-polluting intervention stove. Similar reductions in exposure may be possible by reducing fuel consumption. For example, improvements in household insulation and window seals can reduce the need for space heating, and lids for cooking pots can reduce the cooking fuel requirement.
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Interventions for OAP Clinicians can offer several strategies for at-risk patients to reduce their exposures to OAP. First, they can encourage patients to reduce their exposures to traffic while commuting. 40 Patients can be educated to avoid major roadways during rush hour traffic, keep car windows closed, maintain car air filtration systems, and keep the air on internal circulation. 3, 8 At home, patients living in communities with elevated ambient pollution levels can be instructed to keep windows closed and use air filtration devices and central air conditioners when possible. 8, 69 Central air has been shown to reduce the risk for cardiovascular hospitalizations associated with episodes of higher outdoor pollution among individuals with advanced age in the United States. 83 In addition, indoor air filtration reduces physiological markers of cardiovascular risk from fireplace wood smoke, 70, 71 and may also provide benefit to households in regions with elevated OAP.
Studies have demonstrated that awareness of air quality indices and media alerts along with health professional advice can significantly change pollutionavoiding behaviors. 84 Clinicians can connect patients to automated air pollution alert networks that provide warnings via text, phone, or email (such as the EPA's AirNow network 48 ). Similarly, mobile phone applications, news feeds, and other websites can help individuals plan their activities to minimize pollution exposures. 85 Patients should be educated to use this information to modulate their behaviors. On heavily polluted days, for example, patients could close home windows and limit prolonged or heavy exertion outdoors. 3, 8, 48 Strenuous activities and exercise can be planned when particle levels are lower, conducted indoors, or in parks and gardens rather than next to major thoroughfares. 3, 8 Individuals should not be discouraged from walking or cycling, because the cardiovascular benefit of these activities typically outweighs the risk associated with higher inhalation doses of pollutants. 86 Individuals also can be encouraged to reduce travel to heavily polluted regions. 3 Patients can be encouraged to wear personal filters to reduce exposures while outdoors. For example, N95 respirators block >95% of PM 2.5 inhalation and have been demonstrated to lower blood pressure and prevent ST depression. 9, 16, 82 Simple facemasks were shown to reduce blood pressure in a small study in Beijing, and are becoming an increasingly common defensive strategy in Asia's most polluted cities. 87, 88 Preliminary evidence suggests that dietary supplements, including olive oil, antioxidant vitamins, and omega-3 polyunsaturated fatty acids may help protect against autonomic dysfunction, endothelial dysfunction, and oxidative stress reactions triggered by pollution exposures. 89, 90 Patients at elevated risk of OAP exposure may benefit from the addition of these dietary supplements, although formal recommendations require rigorous evidence from randomized trials.
Healthcare professionals and provider organizations can also partner with government and advocacy organizations to enact and enforce emissions regulations. Effective measures include the establishment and enforcement of air quality standards, reduction in power plant emissions, transition to clean fuels and renewable energy sources, zoning laws, fuel efficiency standards for automobiles, and improved access to public transportation. 6, 13 In the United States, for example, the Clear Air Act is estimated to have prevented 130 000 myocardial infarctions in 2010, the majority of which are attributed to PM pollution. 91 Advocacy efforts may benefit from referencing global targets, such as the WHO's recommendation to maintain PM 2.5 exposures below a 10 μg/ m 3 yearly mean and a 25 μg/m 3 24-hour mean.
14 Finally, providers, payers, and policy makers can use spatial modeling to identify pollution hotspots and allocate resources accordingly. These geographic hotspots should be the target of health campaigns promoting the adoption of clean energy production, 92 education on the health risks of pollution, regulation of vehicle and industrial emissions, and reductions in wildfires, agricultural burning, and dust from deforestation.
37
Tailoring Interventions to Patients and Communities
Patients differ in their exposures to pollution and other cardiovascular risk factors, and in health literacy, financial resources, and social support networks. Furthermore, regions differ in their governments, sociocultural structures, and available health and economic resources. Clinicians must therefore identify a subset of interventions tailored to the patient and community they serve. In particular, clinicians should choose interventions targeting exposures identified in the initial patient pollution exposure assessment, and traditional cardiovascular risk factors. 3 In addition, we recommend that healthcare professionals and provider organizations situated in a community should research and develop community-tailored and culturally acceptable intervention packages for their service populations.
Some patients and communities may become preoccupied about the effects of air pollution on themselves or their family members, arranging their lives around daily pollution levels, or using novel interventions despite a lack of evidence. Such patients should be commended for their vigilance, but also counseled that concern about pollution exposures should not prohibit them from pursuing other healthy behaviors.
FUTURE DIRECTIONS
Extensive research is still needed to better quantify exposures and validate interventions, in particular, for HAP. When possible, we recommend that OAP and HAP be studied together as a composite risk factor reflecting many patients' realities of dual exposure (Table) . 79 
Develop and Validate Clinical Screening Tools and Exposure Assessments
A simple screening tool could assist clinicians in identifying participants who are at increased risk of cardiovascular events or long-term CVD attributable to air pollution. We have proposed a basic air pollution screening tool to identify established predictors of pollution exposure ( Figure 5 ). This tool should be field tested along with other screening questions to determine which questions best predict hazardous exposures. In particular, future research or consensus recommendations are needed to define specifically which aspects of traffic, urban environments, and industrial emissions best predict harmful PM 2.5 exposures.
In addition, healthcare providers can create pollution risk maps for the communities they serve (eg, Figure 6 ). Providers may benefit from the use of citizen science initiatives and crowd-sourcing applications that allow patients to log exposures in the community, such as the EPA's SmokeSense mobile application for wildfires. 93 Real-time maps can provide patients and clinicians with a sense of short-term cardiovascular risk based on current pollution levels. Likewise, average exposure maps can estimate an individual's chronic pollution exposures based on home or work address.
A simple calculator should be developed to help clinicians quantify exposures and risk. Similar to the atherosclerotic cardiovascular disease 10-year risk function, 63 this calculator would estimate a patient's PM 2.5 exposure based on known predictors, such as traffic exposure or use of household solid fuel stoves. Based on these exposures and the patient's overall cardiovascular risk profile, the tool could provide a patient's relative risk of cardiovascular outcomes. A more advanced calculator could incorporate known synergistic risk factors (eg, the presence of coronary artery disease) to estimate a patient's absolute risk of air pollution-attributable cardiovascular outcomes.
Finally, there is increasing evidence that certain exhaled or urinary/blood biomarkers may reflect an individual's air pollution exposure. 29 A clinical instrument could be developed to estimate individual exposures and cardiovascular risk during routine healthcare visits based on, for example, a person's concentration of exhaled or urinary hydroxylated polycyclic aromatic hydrocarbons or metabolic profile.
94
Characterize Exposure-Response Relationships
The cardiovascular effects of HAP are largely inferred from an exposure-response relationship generated from data on the cardiovascular impacts of OAP, environmental tobacco smoke, and tobacco smoking. 5, 29 Recent cross-sectional and cohort studies indicate that HAP increases systolic and diastolic blood pressure, myocardial ischemia, stroke, pulmonary hypertension, heart failure, and diabetes mellitus. 3, 30, 36, 65, 67, 79, 95, 96 However, additional prospective cohort studies adjusted for CVD risk factors are needed to understand the exact relationship between measured HAP exposures and rates of stroke, IHD, and heart failure. Emissions from gaseous fuels, including ultrafine PM, black carbon, and polycyclic aromatic compounds, also should be investigated for their cardiovascular effects. 29 Likewise, additional research is needed to determine what amount of reduction in HAP exposure is required to achieve cardiovascular benefit. Indeed, further research is needed to answer the question, "how clean is clean enough" to achieve both short-and long-term cardiovascular benefits at an individual and population level. 29 Studies are also needed to determine whether cardiovascular outcomes vary based on the source and composition of PM, and by the unique characteristics of each individual. 29, 59 PM 2.5 emissions from traffic in urban China, for example, may have different health effects than PM 2.5 emissions from biomass cookstoves in rural Kenya. Similarly, investigation is needed to clarify the cardiovascular effects of nonparticulate matter components of air pollution (eg, ozone, CO, NO 2 , SO 2 , benzene, and other volatile organic compounds), which are also associated with increased risk of IHD. 8 So far there is scant evidence to treat different combustion particles differently, 5 but this remains to be confirmed. Finally, studies are needed to examine interindividual differences based on demographic and physiological factors such as minute ventilation, genetic predisposition, and metabolism and excretion of harmful pollutants.
In addition to HAP and OAP, occupational air pollution exposures likely contribute to cardiac outcomes, in particular, IHD among individuals working in manufacturing, mining, construction, farming, and the military. 18 However, studies of workplace exposures and cardiac outcomes remain rare and difficult to control for other cardiac risks that may track with certain professions. 17, 18 Further research is greatly needed to characterize the relationships between specific occupations, work microenvironments, air pollution exposures, cardiac outcomes, and targeted interventions.
Identify Effective Interventions
Further research is critical to identify interventions that reduce pollution exposures and the risk of cardiovascular outcomes.
16 Key interventions to be tested include: (1) clean stove-fuel combinations; (2) pollution monitors and warning systems for homes, vehicles, workplaces, and even wearable devices for individuals; (3) improved ventilation and indoor air filtration systems; (4) facemasks worn while outside on polluted days; and (5) medicines to potentially reduce the cardiovascular impacts of air pollution (eg, statins, antioxidants, omega-3 fatty acids). Packages that combine several of these interventions may have a stronger effect, 74, 76 especially because patients must achieve low exposure levels to accrue substantial health benefits for certain outcomes. Stoves and other technologies should be comprehensively field tested before being studied, because there may be unanticipated issues with repairs, fuel supply chains, and local energy use behaviors. 76 With each intervention, patients also should be provided with education on the cardiovascular risks of air pollution. So far, no randomized controlled trials have investigated the efficacy of pollution-directed interventions on cardiovascular outcomes such as stroke, IHD, heart failure, arrhythmia, and all-cause cardiovascular mortality. However, a small number of randomized controlled trials have evaluated the efficacy of individual-and householdlevel interventions such as cookstoves, air filters, and facemasks in improving subclinical cardiovascular markers such as blood pressure, heart rate variability, endothelial function, and blood inflammatory markers. 66, [68] [69] [70] 87 Randomized controlled trials are the gold standard for evidence-based medicine, and may be a particularly useful tool for the evaluation of these types of individualand household-level interventions. However, trials can also be too lengthy, expensive, and logistically difficult to answer some questions about pollution exposure. 97 Quasi-randomized trails and natural experiments, along with well-designed prospective observational studies and case-crossover studies using high-quality quantitative exposure measurements can also provide actionable information for certain health end points, and also facilitate the evaluation of regional air pollution policies. 97 In some settings, exposures should be quantified with personal monitoring devices to reduce error that arises from exposure modeling. 76 Data should be stratified to show effects based on socioeconomic status and age. 74, 79 Traditional cardiac risk factors should be tested for effect modification (eg, obesity, diabetes mellitus, coronary artery disease). And studies should collect data on costeffectiveness and financing options to guide policy decisions. 79 Researchers may find answers in exposure and outcome data collected from new National Institutes of Health-sponsored GeoHealth hubs across multiple low-and middle-income countries. 98 In addition, sources of funding are growing for new clean fuel-stove trials, such as the current National Institutes of Health-funded 4-country randomized trial comparing liquefied petroleum gas with traditional solid fuels.
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CONCLUSIONS
Air pollution is a well-established risk factor for CVDs, responsible for a global burden of IHD and stroke that is greater than several traditional cardiac risk factors. Reductions in both HAP and OAP exposures would significantly increase life expectancy in the United States and abroad. Clinicians can play a significant role in mitigating pollution-attributable cardiovascular risk among the patients they serve. We have outlined a clinical approach for improving cardiovascular health. Clinicians, in partnership with government agencies, can use this approach to reduce pollution exposures in their service populations. We encourage clinicians and other health professionals to tailor this model to their specific populations, and to collect prospective data to validate the efficacy of screening tools and interventions.
